The cultivated strawberry (Fragaria × ananassa) is an octoploid, and the identity of its four subgenomes has long been a mystery. In their recent publication on the strawberry genome, Edger et al. 1 present a new hypothesis: each subgenome originated from a different extant diploid progenitor, and the hexaploid species Fragaria moschata was a direct ancestor. We reanalyzed the four octoploid subgenomes in a phylogenomic context, and our results support only two extant diploid progenitors; we also found no support for F. moschata as a direct ancestor. We argue that the tree-searching algorithm of Edger et al. 1 is potentially biased against accepting extinct or unsampled progenitors, a weakness that could affect the resolution of polyploid genomic architecture.
Publication by Edger et al. 1 of the chromosome-scale genome assembly of the octoploid strawberry Fragaria × ananassa cultivar 'Camarosa' represents a major scientific advance and provides a foundational resource for this important cultivated plant. Correctly identifying its diploid progenitors is important for understanding and predicting the responses of polyploid plants to climate change and associated environmental stress. Since the phylogenetic hypotheses proposed by Edger et al. 1 (Fig. 1a ) conflict with several recent studies [2] [3] [4] ( Supplementary Table 1 ), we conducted two new analyses: a chromosome-scale phylogenomic analysis of the four Fragaria × ananassa subgenomes (Figs. 1 and 2, Supplementary Table 2 and Extended Data Fig. 1 ) and a phylogenetic analysis of genetic linkage-mapped loci in F. moschata (Extended Data Figs. 2 and 3).
In our results (Figs. 1c and 2), the octoploid subgenomes Camarosa vesca and Camarosa iinumae (A and B, respectively) generally are sister to their eponymous diploids F. vesca (red) and F. iinumae (blue). In contrast, subgenomes Camarosa nipponica and Camarosa viridis (C and D, respectively) predominantly share a most recent common ancestor (clade) with F. iinumae (light blue).
Edger et al. 1 also hypothesized that the hexaploid species F. moschata "may be evolutionary intermediate between the diploids and wild octoploid species. " This predicts that the hexaploid's three subgenomes correspond to the three Asian diploid ancestors ( Fig. 1a ). We find no support for this hypothesis (Supplementary  Tables 3 and 4 and Extended Data Figs. 2 and 3) . Instead, its progenitors appear restricted to the 'vesca clade' (F. vesca, F. mandshurica and F. bucharica).
We further evaluated the two phylogenetic hypotheses of Edger et al. 1 using topology tests and found neither evidence of F. nipponica and F. viridis ancestry in the octoploid ( Supplementary Table 3 ) nor support for the hexaploid as an ancestor to the octoploid strawberries (Supplementary Table 4 ).
We believe that the phylogenetic analysis of subgenomes tree-searching algorithm (PhyDS) developed by Edger et al. 1 was responsible for their identification of F. nipponica and F. viridis ancestry in the octoploids. Their analysis was based on 8,405 individual gene trees compiled from the annotation of the newly assembled octoploid genome and 31 transcriptomes from 12 diploid Fragaria species. In each gene tree, when multiple octoploid genes resolved as sister to the same diploid, these were treated as in-paralogs and ignored. This forces each of the four octoploid subgenomes to have a different diploid ancestor, an assumption at odds with most classical genetic hypotheses for the octoploid ancestry (reviewed in ref. 5 ), as well as the results of molecular phylogenetic analyses of Fragaria 2-4 .
In effect, Edger et al. 1 considered only gene trees as informative when genes from a single octoploid and diploid comprise an exclusive clade. This is an effective strategy for subgenomes A and B, where a high proportion of PhyDS-resolved gene trees (their supplementary table 8) and 100-kb windows (labeled 'sister' in Fig. 1c ) resolve these with F. vesca and F. iinumae, respectively. However, the approach fails for subgenomes C and D, where a smaller percentage of PhyDS-accepted gene trees (their supplementary table 8), and very few 100-kb windows (Figs. 1c and 2), resolve an exclusive clade relationship between these subgenomes and F. nipponica and F. viridis, respectively.
The rationale of Edger et al. 1 for treating in-paralogs in this way was to avoid errors when homeologous exchange has 'replaced' the syntelog of one subgenome with another, as illustrated in their supplementary fig. 8c . According to their supplementary table 10, 11.4% of the genome has experienced homeologous exchange, suggesting that 90% of the syntelog gene trees should correctly resolve subgenome ancestry. In contrast, only around 3% of syntelogs across the genome resulted in a subgenome assignment by PhyDS. This indicates that their in-paralog exclusion criterion was too strict. Our results suggest that the great majority of trees rejected by PhyDS resolved F. iinumae as the diploid progenitor of three subgenomes (Fig. 1b , Extended Data Fig. 1 and Supplementary  Table 5 ). This topology matches the examples of 'incorrectly identified as progenitor' in their supplementary fig. 8c , but in our view reflects the most likely evolutionary scenario for the origin of the octoploid strawberries.
Our phylogenomic approach found that 12.5% of the genome has experienced homeologous exchange (Figs. 1c and 2 and Supplementary Table 6 ), similar to the estimate by Edger et al. of 11.4%. Although none of the 2,191 trees from 100-kb windows across the genome ( Supplementary Table 5 ) matches the hypothesis of Edger et al. (Fig. 1a ), a small number do resolve subgenome C or D with the diploid species F. nipponica and F. viridis, respectively ( Fig. 1c and Supplementary Table 6 ). However, a similar number matters arising Table 3 ). b, Maximum-likelihood estimate of phylogeny for base chromosome 1; all nodes have 100% bootstrap support. This topology is shared by five of the seven chromosomes (Extended Data Fig. 1 ). c, Summary of phylogenetic positions of the four octoploid subgenomes in 2,191 windows of 10 kb across seven base chromosomes.
Haploid genome position Table 5 ). For each window, we recorded the diploid species sharing the most recent common ancestor with each octoploid subgenome, and we further noted when this diploid was 'sister' to that subgenome. If the most recent common ancestor diploid was not sister to that subgenome, we labeled these as 'clade'. For details, see Supplementary note, Methods.
of trees resolve the opposite species, or F. nilgerrensis, as the most closely related diploid. We suspect that these results can be attributed to incomplete lineage sorting. In 81.4% of the 2,011 trees where subgenome A (Camarosa vesca) was resolved with the F. vesca clade, its most recent common ancestor or sister taxon was F. vesca subsp. bracteata ( Supplementary Table 6 ), native to northwest North America. This is consistent with the PhyDS results of Edger 1 , and with most previous studies [2] [3] [4] 6, 7 . Likewise, our results and previous studies resolve subgenome B (Camarosa iinumae) with F. iinumae from Japan. Subgenomes C and D are most commonly resolved as sister to each other ( Fig. 1b and Extended Data Fig. 1 ) and may represent an autotetraploid ancestor 2 , although this requires cytogenetic confirmation. Fragaria iinumae is the closest diploid progenitor of these two subgenomes (Figs. 1c and 2) , and may have originated with an extinct species 8 or an unsampled population of F. iinumae (for example, from Sakhalin Island).
In their reply, Edger et al. 9 suggest that, by conducting wholegenome alignment for phylogenetic analysis, we have introduced 'phylogenetic noise' . We concur that there is certainly some incorrectly aligned sequence in our matrix. However, the very consistent overall results across seven chromosomes and 2,191 phylogenetic analyses indicate to us that misalignment is producing a small amount of random signal that does not perturb what we hypothesize to be the actual evolutionary history of the octoploid strawberry.
Polyploidy is increasingly recognized for its role in generating novel diversity in organismal evolution 10 , and the differential retention of diploid progenitors' genes is central to this process. In particular, these diploid progenitors have each experienced a unique set of environments, pathogens and other challenges to survival and so, before coming together in a polyploid genome, each progenitor independently evolved 'answers' to a diverse array of abiotic and biotic conditions. Understanding the biology of these diploid species can inform polyploid plant adaptation to changing climate and associated environmental stress 11 . For these reasons, it is critical to correctly identify the diploid progenitors of polyploids.
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